Abstract: Background: Drug development for rare diseases is challenging because it is difficult to obtain relevant data from very few patients. It must be informative to grasp current status of clinical trials for drug development in rare diseases.
INTRODUCTION
A rare disease is defined as a disease that affects a small number of people. It was reported that the number of people affected by rare diseases was ≤ 5/10,000 in Europe, < 7/10,000 in the United States and < 4/10,000 in Japan [1, 2] . However, there are approximately 7,000 rare diseases in total and more than 300 million people affected worldwide [3] . Because of the low prevalence of each rare disease, they are difficult to diagnose, and treatment remains challenging. Many of these diseases are severe and involve life-long suffering. The unmet medical needs for rare disease treatment are growing worldwide. In our previous study, we focused on 306 intractable diseases (mostly rare diseases) designated by the Ministry of Health, Labour and Welfare in Japan, and clinical trials for drug development were analyzed [4] [5] [6] [7] [8] . As a result, more than 4,000 trials, involving 152 diseases and 577 drugs, were found. It was noted that trials were conducted only for approximately half of the diseases (152/306). What interested us most was that drugs were shared among a considerable number of diseases (for example, Cyclophosphamide was used in the trials for 30 diseases). This information could be particularly valuable for drug-repositioning. An inter-disease comparison should be one of the most important factors in drug development, especially for rare diseases that have less information.
This study aimed to expand the target rare diseases from 306 to all as much as possible and to clarify worldwide trends in drug development. As a more comprehensive disease set, rare diseases registered in Orphanet [9] were selected. Orphanet contained 9,525 rare disease names. It included 290 of the 306 diseases of our previous study [6] . As for comprehensive clinical trial data, ClinicalTrials.gov (NCT, National Clinical Trial) [10] , EU Clinical Trials Register (EUCTR) [11] , and the Japan Primary Registries Network (JPRN) [12] , representing the United States of America and European Union (EU) and Japan, respectively, were selected. These registries were the top 3 in the number of trials in the WHO International Clinical Trials Registry Platform (WHO ICTRP) [13] .
Other studies analyzing clinical trials in rare diseases have produced useful information. One study compared rare versus non-rare diseases [14] . Another assessed the availability of the results of phase 3 and 4 trials [15] . A third study analyzed the correlation between low prevalence and sample size [16] . While these three studies used NCT data, the present study used EUCTR and JPRN, as well as NCT, and clarified the similarities and differences among them. In this way, a more comprehensive analysis of clinical trials was conducted.
The objective of this study is to outline and compare clinical trials in rare diseases among the US, EU and Japan, revealing the relationship between diseases and drugs as well as the number of trials, diseases and drugs. The number of drugs sharing a disease was analyzed, and vice versa. This information will be considerably useful for drug development.
Technically, an underlying theme of this study is "Mining and connecting data." Different formats in different databases were mediated and connected in this study. This was for the data among the registries, trials, diseases and drugs. While making maximum use of available databases, connecting unconnected data would be indispensable as we move towards the era of big data.
MATERIAL AND METHOD
Searches of WHO ICTRP with "Recruitment status: ALL" option were conducted and all clinical trial data were downloaded. From the 357,384 trials downloaded, trials of the three registries (ClinicalTrials.gov, EUCTR and JPRN) were extracted by distinguishing their id prefixes (NCT, EUCTR and JPRN). The number of trials became 288,217 (NCT: 234,486, EUCTR: 26,153 and JPRN: 27,578). As for controlled rare disease names and drug names, Orphadata data [17] (Orphanet data repository; en_product1.xml.gz) and DrugBank [18, 19] (drugbank_all_full_database.xml.zip, version 5.0.6) were downloaded, respectively.
Firstly, trials involving drug information were extracted by searching for specific keywords (for EUCTR: "Trade Name:," "Product Name:," "INN or Proposed INN:," "Product Code:," "Other descriptive name:," and for NCT: "Drug:," "Biological:," "Dietary Supplement:") in the "Intervention" section of the trial data. Words and phrases following these keywords were extracted. Then, 8,283 drugs from DrugBank (name, synonyms, products and international brands for each drug) were searched in the extracted words and phrases and, for JPRN, in the whole "Intervention" section. The trials involving at least one drug were extracted. Less than four-letter drug names or less specific ones were eliminated ( Properties attached to the 28,526 trials were summarized for the three registries (recruitment status, age, gender, target size, phase and countries). The number of trials, diseases and drugs were analyzed in combination with each other by our in-house programs.
This study used publicly available data of clinical trials and focused on their characteristics rather than human participants themselves. Thus, ethical committee approval was not required.
RESULTS

Characteristics of the Three Registries
In total, 28,526 clinical trials were extracted from the three registries (NCT, EUCTR and JPRN) in WHO ICTRP. They contained information on 1,535 rare diseases and 1,539 drugs. The characteristics of the three registries are summarized in Table 1 . 21,981 trials were registered in NCT (as much as 77.1% of all trials). The number of diseases (1, 252) and drugs (1, 332) were also large in NCT. Smaller numbers of trials were registered in EUCTR and JPRN (5,363 and 1,182, respectively). However, the data contained a considerable number of diseases (957 and 295, respectively) and drugs (991 and 389, respectively). For example, while NCT was nearly as much as 20 times larger than JPRN in the number of trials, the difference became smaller in the numbers of diseases and drugs (NCT was 3-4 times larger than JPRN).
Registry-specific diseases and drugs were also found ( Fig. 1) . While 517 diseases were specific to NCT, 250 diseases (IMAGe syndrome, Kabuki syndrome, etc.) and 22 diseases (Budd-Chiari syndrome, Isaac syndrome, etc.) were specific to EUCTR and JPRN, respectively (Fig. 1B) . For drugs, while 460 were specific to NCT, 172 drugs (Rizatriptan, Peginesatide, etc.) and 29 drugs (Benidipine, Imidafenacin, etc.) were specific to EUCTR and JPRN, respectively (Fig. 1C) . The numbers of diseases and drugs shared by all the three registries were 223 and 295, respectively ( Fig. 1B and 1C) .
Other characteristics were discovered among the registries as well. The following sections provide a brief overview of the characteristics such as recruitment status, age, gender, target size, phase and countries ( Table 1) .
"Not recruiting" trials occupied a larger proportion (75.3%) in NCT than in EUCTR (42.7%) and JPRN (52.8%). This might be because older trials were more abundant in NCT (registration since 1999) than in EUCTR (since 2004) and JPRN (since 2005).
As shown in age data, the inclusion of elderly people (> 65 years old) was nearly twice as large in JPRN (73.5%) than in NCT (39.6%) (no age data obtained in EUCTR). Elderly people specifically attended the trials of JPRN. In gender data, more trials for females than males were found consistently among the three registries. This might be because more female-specific diseases (Ovarian cancer, etc.) were registered in Orphanet.
In terms of target size, larger scale trials were conducted in NCT, as shown in the average size of NCT (456 people), EUCTR (244) and JPRN (67). It should be noted that trials with > 100 people (Target size: 101-500, 501-) occupied the largest part (48.7%) in EUCTR, while they were 25.3% in NCT and 12.2% in JPRN, respectively. Trials with ≤ 50 people (Target size: 1-50) were the most common in NCT (55.8%) and JPRN (70.4%). A small number of trials with very large target size made the average higher in NCT.
In phase data, there was strong similarity among the three registries that nearly a half or more trials were registered as Phase 2 (NCT: 48.3%, EUCTR: 50.3% and JPRN: 64.8%).
To view regional characteristics of the three registries, the top 5 countries where the trials were conducted were compared. Of the 21,981 trials of NCT, 13,006 trials (59.2%) were conducted in the United States. Germany, the United Kingdom and France were listed in the top 5 of EUCTR and NCT trials. This showed that many trials were conducted internationally between the United States and Europe. However, in JPRN, almost all trials were conducted only in Japan (1,178, 99.7%).
Relationships among Clinical Trials, Diseases and Drugs
When analyzing all trials together, a large number of trials were conducted for only a small number of diseases (Fig. 2) . While six diseases (0.4% of the 1,535 diseases) had > 1,000 trials ( Table 2) , 69.8% of diseases had < 10 trials, and 27.9% had only one trial. For each disease, the number of trials ranged from 1 to 4,084 (a list of the 1,535 diseases is available in Supplementary Table 1) . The relationship between trials and drugs for each disease seemed to vary, as shown in Fig. 2 . For one disease, a small number of drugs were tested in many trials. For another disease, the number of drugs tested was larger than the number of trials. The latter case suggests that two or more drugs were tested per trial frequently.
The top 20 most studied diseases in the trials are listed in Table 2 . The top 3 diseases were Lymphoma (Orpha number: 223735), Multiple myeloma (29073), and Ovarian cancer (213500). Lymphoma was the most studied disease in NCT and EUCTR, and the third in JPRN (Supplementary Table 2 ). It seemed that cancer-related rare diseases were the most prevalent on the list. In fact, the number of diseases with their names including "blastoma," "cancer," "carcinoma," "leukemia," "lymphoma," "myeloma" or "tumor" was only 247 (16.1%) of the 1,535 diseases. This suggested that a large number of trials were conducted for a relatively small number of cancer-related rare diseases.
The top 20 most tested drugs in descending order by the number of rare diseases are listed in Table 3 . The top 3 drugs were Cyclophosphamide (DrugBank Accession Number: DB00531), Cyclosporine (DB00091) and Methotrexate (DB00563). Cyclophosphamide was shared by 261 diseases. It was also the most shared drug in all the three registries (Supplementary Table 3 ). This drug was also the top in our previous study targeting the 306 intractable diseases (mostly rare diseases) in Japan [4] . As expected from the top 20 diseases ( Table 2) , antineoplastic drugs were abundant in the list. In addition, immunosuppressive drugs or anti-inflammatory drug were found in abundance. Of the 1,539 drugs, 29 drugs (1.9%) were shared by > 100 diseases, 387 drugs (25.1%) were shared by > 10 diseases, and 401 drugs (26.1%) were shared by only one disease.
The number of trials conducted per drug was also counted (Supplementary Table 4) . Cyclophosphamide (DB00531) was the most tested drug by as many as 1,396 trials in total. While Cyclophosphamide was also the most tested drug in NCT, Rituximab (DB00073) and Cisplatin (DB00515) were the most tested drugs in EUCTR (235 trials) and JPRN (147 trials), respectively.
Progress of the Clinical Trials
For the 1,535 diseases, the trials have been registered since 1999. The first registration year of the trials for each disease is shown in Fig. 3A . From 1999-2016, 84 diseases per year on average were newly targeted. There were two peaks in 1999 (196 diseases) and 2005 (187 diseases). The 1999 peak could be explained by the fact that registrations of earlier trials were included at the start of the registry. The 2005 peak could be explained by the fact that there had been a worldwide push from governments to make registration mandatory. After the 2005 peak, the number of newly registered diseases decreased. Recently (2010-2016), they were 50-80 diseases per year.
Of the 28,526 trials, 21,124 trials (74.1%) involved phase information (Phase 1-4) (Fig. 3B) . The registration year of the trials rather resembled the cumulative graph in Fig. 3A, showing that the number of trials increased as the number of diseases increased. The peaks of 1999 (711 trials in total) and 2005 (1,454 trials in total) were vague. The number of trials was gradually growing since 2005, and the pace became faster in 2014-2016. It should be noted that the number of Phase 2 trials was the largest consistently during all the period, and that the number of trials was large in order of Phase 2, Phase 1, Phase 3 and Phase 4 for most of the period.
In order to assess the progress of the trials, the Phase 3 and Phase 4 trials were selected as promising trials. For each disease, the numbers of Phase 3 and Phase 4 trials were calculated and their proportion to all trials (Phase 1-4) was *approved: approved in at least one jurisdiction, at some point in time. vet_approved: approved in at least one jurisdiction, at some point in time for the treatment of animals. investigational: in some phase of the drug approval process in at least one jurisdiction. https://www.drugbank.ca/documentation compared. For 1,241 diseases with trials involving phase information, the distribution of the proportions (0%, 0-25%, 25-50%, 50-75% and 75-100%) was shown in Fig. 4A . More than a half of the diseases (735 diseases, 59.2%) had the proportion of Phase 3 and Phase 4 trials equal or less than 25% (0%, 0-25%). Furthermore, diseases with neither Phase 3 nor Phase 4 trials (0%) occupied as much as 37.1% (460 diseases). Even if the number of trials was large, the proportion of Phase 3 and Phase 4 trials tended to be small for most diseases (Fig. 4B) . This means that most trials were interrupted in Phase 1 or Phase 2 and could not proceed to Phase 3 and Phase 4. The difficult situation in drug development for rare diseases might be inferred.
DISCUSSION
Characteristics of the Three Registries and DiseaseDrug Relationship
In this study, clinical trials, rare diseases and drugs were successfully connected with each other by our original text mining analyses. As a result, (1) characteristics of the three registries (NCT, EUCTR and JPRN) and (2) disease-drug relationship in the clinical trials were clarified.
Among the three registries, NCT appeared to be the largest registry of clinical trials also in rare diseases. In addition, many trials conducted in Europe were also registered in NCT ( Table 1) . The centralized information of NCT might reflect a powerful driving force of drug development in the United States, which is one of the largest pharmaceutical markets in the world. However, differences in characteristics were observed among the three registries. For example, regarding the inclusion age, a proportion of the number of trials with elderly people (> 65 years old) was specifically higher in JPRN (73.5%) than NCT (39.6%). Regarding target size, a proportion of the number of trials with > 100 people was uniquely higher in EUCTR (48.7%) than in NCT (25.3%) and JPRN (12.2%), though the average size was smaller in EUCTR (244) than in NCT (456). NCT had the largest number of trials, involving 1,252 diseases and 1,332 drugs. However, in EUCTR and JPRN, a considerable number of registry-specific diseases (250 and 22, respectively) and drugs (172 and 29, respectively) were found (Fig. 1) . For example, a trial for Budd-Chiari syndrome (Orpha number: 131) was registered only in JPRN. In addition, trials for Kabuki syndrome (Orpha number: 2322) were registered only in EUCTR. Previously a region-specific prevalence was reported for the Behçet disease (Orpha number: 117) [20] . As revealing region-specificity in rare diseases needs further investigation, a broad collection of clinical trials data worldwide would be advantageous.
In this study, information on trials, diseases and drugs were analyzed by counting (i) the number of trials conducted per disease ( Table 2 and Supplementary Table 2) , (ii) the number of diseases studied per drug ( Table 3 and Supplementary Table 3 ) and (iii) the number of trials conducted per drug (Supplementary Table 4 Trials and drugs were found to be limited to only a small number of rare diseases. Interestingly and essentially, the top 20 diseases were mostly related to rare cancers. Although the number of these cancer-related rare diseases was limited to 247 (16% of the 1,535 rare diseases in this study), as many as 14,594 trials (51 % of the 28,576 trials) were conducted and 800 drugs (52% of the 1,539 drugs) were tested for the diseases. Thus, it was understandable that the most tested drugs were antineoplastic drugs, immunosuppressive drugs and antiinflammatory drugs that were often used for cancers. This resulted in that, in fact, even less trials were conducted for non-cancer-related (ordinary, so to say) rare diseases, though a border between "cancer-related" and "non-cancer-related" rare diseases might be in a grey-zone in the definition.
While Phase 3 and Phase 4 trials were considered as promising for drug development, a small proportion of the trials seemed to reach Phase 3. For 460 diseases (37.1%), Phase 3 and Phase 4 trials were not conducted at all. This trend appeared even in diseases for which many trials were conducted (Fig. 4B) . This suggested that, currently, most of the trials in rare diseases were not promising in drug development worldwide. Further analyses could investigate this trend comparing among rare diseases and other disease groups.
As described above, only a small number of trials were conducted in rare diseases (non-cancer-related rare diseases). For example, the number of trials conducted for Amyotrophic lateral sclerosis (ALS) (Orpha number: 803) was 227, and it was far removed from the top 20 diseases ( Table 2) . Moreover, for ALS, the number of Phase 3 and Phase 4 trials accounted for only 16.7% (34 out of 203 trials involving phase information). The clinical trials for drug development in rare diseases were found to be just at the beginning stages of their progress.
Limitation of the Analyses and Future Perspectives
Orphanet was known to be one of the most comprehensive databases for rare diseases. In this study, of the 9,525 diseases of Orphanet (including groups of diseases), 1,535 diseases (16.1%) were found in the clinical trials for drug development ( Table 1) . This number might be less than expected and reflect difficulties in conducting clinical trials in rare diseases (low prevalence, incomplete diagnosis, etc.). These difficult situations might be improved by further integration among databases for rare disease. For example, in this study, we had to search for rare disease names in the trial data by text mining. Currently, this is the case for rare diseases where the data were not yet connected or incompletely connected among databases. The assignment of ICD-10 [21] and other terms and ontology to rare diseases seemed to be insufficient. Thus, constructing annotated and standardized data of rare diseases is strongly required in further studies for drug development.
WHO ICTRP integrated all clinical trials in the world (not limited to rare diseases). Other than NCT, EUCTR and JPRN, many registries were registered in WHO ICTRP. In particular, the number of trials conducted by Chinese institutions was found to be increasing [22, 23] . Also, the number of trials in the Chinese Clinical Trial Registry (ChiCTR) was growing rapidly. In this regard, more inter-registry integration of the clinical trial data will be valuable especially for analyzing regionality and overcoming low prevalence in rare diseases.
The limitations on the analyses of rare diseases were derived from their nature. The definition and standardization of rare diseases were essentially based on long-standing medical and scientific studies. These studies need more time to become sufficient for drug development studies. In addition, integration and standardization for precise and up-to-date information of rare diseases, including clinical trials, could only be established through international collaboration. For example, the International Rare Diseases Research Consortium (IRDiRC) [24] was expected to contribute largely to these objectives.
CONCLUSON
In this study, drug development in rare diseases was first assessed comprehensively by extracting 28,526 clinical trials from the three registries (NCT, EUCTR and JPRN). While NCT played a significant role, the information obtained from other registries (EUCTR and JPRN) were also indispensable because they contained trials for specific rare diseases that were not found elsewhere.
Overall, trials and drugs were limited to a small number of rare diseases. These diseases were often cancer-related rare diseases. For most of the rare diseases (non-cancerrelated ones), as a result, the numbers of trials and drugs were very small. In addition, considering a smaller proportion of their Phase 3 and Phase 4 trials, drug development for rare diseases appeared to have a higher hurdle to clear.
Integrating the information of trials, diseases and drugs is expected to boost investigation in rare disease drug development. The integration could contribute to designing more efficient clinical trials by searching drug-repositioning candidates. Also, it could contribute to new findings of disease characteristics to define their diagnosis. This study could pose a starting point for a series of further rare disease studies: disease-related genes and phenotypes, pathogenic mechanisms, drug classifications, political and ethical subjects, pharmaceutical strategies, etc. Integrated with various data, clinical trial data could serve as core data for the studies.
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